Abstract: With the completion of genome projects for Arabidopsis thaliana, Oryza sativa and several other plant species, an increasing number of whole genome sequences are now available for plants. In this post-genomic era, a more thorough understanding of gene expression and function can be achieved through the characterization of the products of expression, the proteins, which are essential biological determinants of plant phenotypes. Proteomics offers a continually evolving set of novel techniques to study all facets of protein structure and function. The application of proteomics in plant pathology is becoming more commonplace with techniques such as two-dimensional gel electrophoresis (2-DE) and mass spectrometry (MS) being used to characterize cellular and extracellular virulence and pathogenicity factors produced by pathogens as well as to identify changes in protein levels in plant hosts upon infection by pathogenic organisms and symbiotic counterparts. This review article summarizes the current status of gel-and non gel-based proteomic techniques and describes the significant discoveries that have resulted from the various proteome-level investigations into phytopathogenic microorganisms and plant host-microbe interactions.
INTRODUCTION
The landmark discovery of the double helical structure of DNA (Watson and Crick, 1953) and the development of DNA sequencing techniques (Sanger et al., 1977) revolutionized life science research and led to the deciphering of the genome sequences of living organisms. To date, the complete genome sequences of several organisms including a number of plant species are available (Frazier et al., 2003; Tabata, 2002) . However, the function of many of the genes identified through these sequencing projects remains a mystery and the focus has now shifted towards the functional characterization of proteins that are encoded by the cellular genetic machinery (Patterson and Aebersold, 2003) . In this post-genomic era, systems biology approaches, also referred to as "omics", are utilized extensively to characterize the interplay between the various components of the cell in order to fully understand cellular processes. Proteomics, transcriptomics, metabolomics, genomics and computational/mathematical modeling are among these approaches (Chen and Harmon, 2006; Pandey and Mann, 2000; Patterson and Aebersold, 2003) . Even though these techniques were applied mostly in the areas of human and animal biology, particularly with an emphasis on disease processes, plants are also being increasingly subjected to such studies. In this article we will review the application of one such "omics" approach, proteomics, to investigate plant-microbe interactions as well as in the study of plant pathogens.
The term proteome refers to the complete set of proteins that are specified by the genome, and analogous to genomics, proteomics describes the study and characterization of this complete set of proteins present in a cell, organ or organism at a given time (Wilkins et al., 1995) . Genome-level *Address correspondence to this author at the Department of Agricultural, Food and Nutritional Science, University of Alberta, Edmonton, Alberta T6G 2P5, Canada; Tel: (780)-492-7584; E-mail: nat@ualberta.ca studies (genomics) reveal or suggest what could theoretically happen, whereas the proteome-level investigations (proteomics) provides insights into the actual players involved in mediating specific cellular processes. In addition, the study of proteins introduces another level of complexity at the level of the post-translational modification (PTM) and the biological relevance of such modifications. These changes in PTM during the growth and development of organisms (including plants) or in response to stress (including disease) cannot be deduced from studies investigating genome sequences and/or transcript abundance but can only be deciphered through proteomics, thus positioning this field at the center of functional genomics (Dubey and Grover, 2001; Gygi et al., 1999; Park, 2004; Thurston et al., 2005) .
Many of the techniques used in proteomics, in particular two-dimensional electrophoresis (2-DE) were developed two decades before the term proteomics was coined (Klose, 1975; O' Farrell et al., 1975) . Similarly, techniques to deduce amino acid sequence and composition have also been in use for several decades. However, technical advances in the quality and reproducibility of 2-DE gels, the development of non-gel based high-throughput protein separation techniques, analytical Mass Spectrometry (MS) and the development of software packages to process digitized images of gels have all contributed to the rapid acceptance of proteomics by scientists in diverse disciplines including plant biology (Chen and Harmon, 2006; Domon and Aebersold, 2006) . Despite the aforementioned advances in proteome-related techniques, proteomics research is not without its challenges. The cellular proteome is extremely dynamic, very complex underpinning cellular behavior and function (Pandey and Mann, 2000) .
Plant pathogens such as bacteria, fungi and viruses have the potential to cause (and have historically caused) devastating crop losses worldwide. Even though plant-pathogens, their hosts and the interactions between them have been studied using classical biochemical, genetic, molecular biological and plant pathology approaches, systems biology approaches such as genomics and proteomics are essential to provide global information on the various cellular genomic and proteomic networks (Padliya and Cooper, 2006) . For example, large-scale proteomics approaches enable studies that are impossible to perform by classical molecular biology techniques by allowing for a more global view of the effects of disease processes on cellular proteins and protein networks (Bertone and Snyder, 2005a) . Beginning with a brief review of the various techniques used in proteomics research, this article reviews recent progress in the application of proteomics studies of plant pathogens and host-microbe (including pathogens) interactions, and discusses the potential of proteome-based investigations in furthering plant pathology research.
TECHNIQUES IN PROTEOMICS
As alluded to earlier, the application of proteomics in plant pathology has increased over the past years, in part, due to advancements that have enabled the use and reproducibility of proteome-based techniques (Jones et al., 2006; Padliya and Cooper, 2006) . 2-DE and MS are perhaps still the most widely used analytical techniques for the profiling and identification of proteins. Advances in 2-DE and the advent of fluorescence 2-D difference gel electrophoresis (DIGE) have advanced this technique; however, due to a number of inherent drawbacks associated with the gel-based proteomics such as cost, insensitivity to low copy proteins, reproducibility and inability to characterize entire proteomes, in recent years many gel-free proteomic techniques have also been developed (Baggerman et al., 2005; Lambert et al., 2005) . These gel-and non-gel techniques will now be reviewed.
Gel-Based Protein Separation Techniques

Two-dimensional gel electrophoresis (2-DE)
2-DE was developed in the 1970s for large-scale protein separation (Klose, 1975; O' Farrell, 1975) and it has remained the method of choice to separate crude protein samples in order to detect differences in levels of abundance as well as patterns. High-resolution 2-DE involves the separation of proteins in the first dimension according to their charge, by isoelectric focusing, and in the second dimension, according to their molecular weight (MW), by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE; Gorg et al., 2004) . The combination of these two separation techniques has the potential to resolve thousands of protein spots with specific isoelectric points (pI) and MW on gels. Analysis of 2-DE gels simultaneously provides several pieces of information about the hundreds of proteins that are visualized including the MW, pI, quantity, as well as PTMs (Gorg et al., 2004; Wittmann-Liebold et al., 2006) . Separated protein spots are visualized on the gel by staining with Coomassie Blue (CBB-R, Colloidal), SYPRO (ruby, red, orange) or silver stain (Miller et al., 2006; Westermeier and Marouga, 2005) . Silver stain is very sensitive (detection limit 0.1 ng/ spot) but it has the potential to interfere with Edman degradation, MS analysis as well as in the accurate determination of spot volumes. Therefore, Coomassie Blue stains such as Colloidal Blue are more commonly employed for the visualization of proteins (Gorg et al., 2004; WittmannLiebold et al., 2006) . Digital images of 2-DE gels captured by very sensitive scanners are analyzed using software such as Melanie, PDQuest, Phoretix, Progenesis, Z3 or Z4000 (Righetti et al., 2004) . The appearance of unique protein spots or changes in the intensity (up-or down-regulation) of protein spots are analyzed by the software, and spots of interest are excised either manually or robotically from the gels. Protein samples are then digested with trypsin and analyzed by MS to determine their identities (Rose et al., 2004) . Although the utility of 2-DE is undeniable, there are several technical drawbacks that limit its widespread application which include poor separation (and consequently failure to visualize) of proteins that are of very high or low MW, possessing extreme pI values, low-abundance, and extremely hydrophobic proteins (Molloy and Witzmann, 2002) . Despite these problems with 2-DE, the reproducibility of separation offered by immobilized pH gradient (IPG) strips still keeps this technique attractive.
Fluorescence 2-D Difference Gel Electrophoresis (DIGE)
Conventional 2-DE relies on the comparison of images from at least two different gels and unfortunately, due to gelto-gel variations, it is often difficult to directly superimpose images and compare them. This limitation can be overcome by running several replicates of each of the gels and comparing a master image generated by software; however, detection of subtle changes in protein levels still poses a major challenge . In newer DIGE techniques, each sample is covalently labeled with a different set of fluorophores (Cy2, Cy3 and Cy5), mixed together and separated on the same 2-DE gel (Unlu et al., 1997) . The DIGE technique has exhibited higher sensitivity as well as linearity, eliminated post-electrophoretic processing (fixing and destaining) steps and enhanced reproducibility by directly comparing samples under similar electrophoretic conditions ( Van den Bergh and Arckens, 2005; Zhou et al., 2002a ). The resulting images are then analyzed by software such as DeCyder which are specifically designed for 2-D DIGE analysis . The DIGE technique has dramatically improved the reproducibility, sensitivity, and accuracy of quantitation; however, its labeling chemistry has some limitations; proteins without lysine cannot be labeled, require special equipment for visualization and fluorophores are very expensive Arckens, 2004, 2005) . Other multiplexing procedures such as radiolabeling of two samples with different isotopes have also been employed (Spandidos and Rabbitts, 2002) ; however, in vivo radioactive protein labeling is not always feasible, therefore DIGE technique has more potential in gelbased proteome analysis.
Gel-Free Proteomics
Profiling the proteome of plants and pathogens, and quantitative measurement of protein expression in cells and tissue under different pathological conditions is a major goal of proteomics in plant pathology, for which several gel-free high-throughput screening technologies are available. Gelfree techniques include isotope-coded affinity tag (ICAT; Gygi et al., 1999) ; isobaric tagging for relative and absolute quantitation (iTRAQ; Ross et al., 2004) ; multidimensional protein identification technology (MudPIT; Washburn et al., 2001) ; and various techniques for functional analysis of proteome and protein-protein interactions such as protein microarrays (MacBeath, 2002) .
ICAT and iTRAQ
In order to increase the quantitative measurement of proteins, ICAT is a relatively new proteomic technique which enables tagging of specific proteins chemically in two separate samples with isotopes and gives a quantitative measure of changes in protein levels (Gygi et al., 1999) . ICAT reagents consist of a protein-reactive group, which specifically recognizes cysteine residues in proteins, a linker region and a biotin tag. ICAT reagents with a light or heavy isotope, which differ by eight mass units are used for differential labeling of the two protein samples (for example control and pathogen-challenged plant tissue extracts) and subsequent analysis by liquid chromatography-electrospray-tandem mass spectrometry (LC-ESI-MS/MS; Gygi et al., 1999) . The changes in protein levels induced by a treatment, for example pathogen challenge, are determined by comparing the differences in intensities of protein peaks in the samples labeled with the light and heavy isotopes. The ICAT technique eliminates the need for 2-DE however, major limitations of this technique include selective detection of proteins with high cysteine content and difficulties in the detection of acidic proteins Zhou et al., 2002b) . Although ICAT is more amenable to automation compared to 2-DE, it is still not as widely applied as 2-DE for the characterization of plant proteomes.
The iTRAQ technology, a variation of ICAT, has been introduced recently (Ross et al., 2004) . Both the techniques are similar in concept but ICAT relies on tagging cysteine residues (Gygi et al., 1999) whereas in the iTRAQ method, tagging is on primary amines (Ross et al., 2004) . The iTRAQ technology offers several advantages, which include the ability to multiplex several samples, quantification, simplified analysis and increased analytical precision and accuracy (Aggarwal et al., 2006; Lund et al., 2007; Zieske, 2006) . The iTRAQ labeling strategy eliminates the limitation of ICAT technology for dependence on cysteine, which is relatively non-abundant and potentially allows for the expanded coverage of the proteome by tagging tryptic peptides all of which would possess primary amine groups (Aggarwal et al., 2006; Ross et al., 2004; Zieske, 2006) .
MudPIT
Another alternative to gel electrophoresis is MudPIT, which allows for the analysis of complex protein mixtures (Issaq et al., 2005) . In the MudPIT approach, protein samples are subject to sequence-specific enzymatic digestion, usually with trypsin and endoproteinase lysC, and the resultant peptide mixtures are separated by strong cation exchange (SCX) and reversed phase (RP) high performance liquid chromatography (HPLC; Issaq et al., 2005; Washburn et al., 2001) . Peptides from the RP column enter the mass spectrometer and MS data is used to search the protein databases (Washburn et al., 2001) . The MudPIT technique generates an exhaustive list of proteins present in a particular protein sample, it is fast and sensitive with good reproducibility however, it lacks the ability to provide quantitative information Rose et al., 2004; Washburn et al., 2003) . A combination of HPLC, liquid phase isoelectric focusing and capillary electrophoresis provides other multi-modular options for the separation of complex protein mixtures Lambert et al., 2005) . It is evident from the above discussion that even though 2-DE can theoretically be eliminated by using techniques such as MudPIT , ICAT and iTRAQ, in reality this has not happened owing to the high level of confidence in a tried and tested technique such as 2-DE. However, in the future these gel-free techniques could be expected to gain more importance as they become more established.
Protein Identification Using Mass Spectrometry
Regardless of the choice of a given proteomic separation technique, gel-based or gel-free, a mass spectrometer is always the primary tool for protein identification. Before the advent of MS, protein sequences were determined by Edman degradation. However, during the last decade, significant improvements have been made in the application of MS for the determination of protein sequences (Domon and Aebersold, 2006; Lambert et al., 2005) . Mass spectrometers consist of an ion source, the mass analyzer and an ion detection system. Analysis of proteins by MS occurs in three major steps (a) protein ionization and generation of gas-phase ions, (b) separation of ions according to their mass to charge ratio and (c) detection of ions . In gel-free approaches such as ICAT and MudPIT, samples are directly analyzed by MS whereas, in gel-based proteomics (2-DE and 2-D DIGE), the protein spots are first excised from the gel and then digested with trypsin. The resulting peptides are then separated by LC or directly analyzed by MS. The experimentally-derived peptide masses are correlated with the peptide fingerprints of known proteins in the databases using search engines (e.g. Mascot, Sequest).
The details of MS have been provided in many excellent reviews (Domon and Aebersold, 2006; ) and our description of MS is very brief. There are two main ionization sources which include matrix assisted laser desorption/ionization (MALDI) and electrospray ionization (ESI) and four major mass analyzers, which are time-of-flight (TOF), ion trap, quadrupole and fourier transform ion cyclotron (FTIC) which are currently in use for protein identification and characterization . A combination of different mass analyzers in tandem such as quadrupole-TOF and quadrupole-ion trap has combined the individual strengths of different types of mass analyzers and greatly improved their capabilities for proteome analysis ). The combination of ionization sources with different types of mass analyzers depends on the specific application and provides a large variety of specialized mass spectrometers for protein identification and characterization (Domon and Aebersold, 2006) . Simple mass spectrometers such as MALDI-TOF are used for only measurement of mass whereas tandem mass spectrometers are used for amino acid sequence determination (Dubey and Grover, 2001; . In MALDI the sample of interest is crystallized with the matrix on a metal surface and a laser ion source causes excitation of matrix along with the analyte ions, which are then released into the gas phase. MALDI measures the mass of peptides derived from a trypsinized parent protein and generates a list of experimental peptide masses, often referred to as 'mass fingerprints' (Karas and Hillenkamp, 1988; Medzihradszky et al., 2000) . In ESI, the analyte is ionized from a solution and transferred into the gas phase by generating a fine spray from a high voltage needle which results in multiple charging of the analyte and generation of multiple consecutive ions (Fenn et al., 1989; ). Tandem mass spectrometry or MS/MS is performed by combining two different MS separation principles. In tandem MS, individual trypsin-digested peptides are fragmented after a liquid phase separation. Tandem MS instruments such as triple quadrupole, quadrupole ion trap, fourier transform ion-cyclotron resonance or quadrupole time-of-flight are used in LC-MS/MS or nanospray experiments with electrospray ionization (ESI) to generate peptide fragment ion spectra . The tandem spectra obtained are used to search databases to establish protein identity. Undoubtedly, the accuracy, high throughput, and robustness of MS technologies, have made the characterization of entire proteomes a realistic goal (Aebersold and Mann, 2003) .
Technologies for Studying Protein-Protein Interactions and Protein Function
Proteomics can be broadly classified into "classical proteomics" for protein identification and "functional proteomics" for the detailed characterization of protein structure and function as well as protein-protein interactions (Yarmush and Jayaraman, 2002) . The classical or discoverybased proteomics approach mainly utilizes 2-DE and MS to characterize the proteins independently whereas functional proteomics focuses on the description of cellular networks and it requires high-throughput tools to elucidate the interactions between proteins (LaBaer and Yarmush and Jayaraman, 2002) . Functional proteomics aims to define the function of every protein in a given organism in a particular cellular state (MacBeath, 2002) . Traditional biochemical/molecular methods such as yeast two-hybrid and immunoprecipitation (IP) followed by MS have been most extensively used to study the protein-protein interactions; however, protein microarrays offer many advantages including high-throughput analysis of thousands of proteins simultaneously .
Protein microarrays are valuable platforms for both classical and functional proteome analysis and can provide valuable information at the systems-level which is not possible using other techniques. In protein microarrays, antibodies or purified proteins are immobilized on glass slides, which are then used for screening cellular responses to a stimulus (e.g. challenge with plant pathogens) directed against the immobilized proteins and for screening protein-protein interactions (Duburcq et al., 2004; LaBaer and Ramachandran, 2005) . The application of protein microarray technologies in proteomics is now becoming more widespread and many approaches involving antibody (Habb et al., 2001) , protein (MacBeath et al., 2002) , and cDNA (Ramachandran et al., 2004) have been used for generating these microarrays. Protein microarrays can be integrated with new techniques such as surface plasmon resonance (SPR) and MS for characterizing protein-protein interactions (Athwal et al., 2000; Ramachandran et al., 2005) . Differences in protein-protein interactions play an important role and may ultimately determine the outcome of pathogen infection of a plant cell, i.e. resistance or susceptibility to a pathogen, and therefore a detailed understanding of such interactions in this context becomes extremely important (Bertone and Snyder, 2005b) . However, to our knowledge such protein microarrays are still to be applied in the area of plant biology especially plant-microbe interactions but this will likely change as the technology evolves.
APPLICATION OF PROTEOMICS IN PLANT PA-THOLOGY
The importance of agriculture and maintaining sustainable crop production around the world cannot be understated, particularly considering the projected significant increase in the global population in the near future. Reliable and accurate disease diagnosis and pathogen detection are crucial in order to optimize crop yield and quality. Due to the myriad of biological organisms, including viruses, bacteria, nematodes and fungi, that can potentially cause devastating consequences to crop production worldwide, any technology that is utilized for plant disease detection should ideally be able to identify both prokaryotic and eukaryotic species.
Traditional Methods for Detection of Plant Pathogens
Traditionally, detection of phytopathogenic organisms may have involved the use of time-consuming culturing and cultivation on specific media with a subsequent morphological or biochemical analysis of the growth (Lopez et al., 2003) . Even as recently as the 1970s, phytopathogenic viruses were detected based on electrophoresis, electron microscopy, biological indexing and some serological techniques while phytopathogenic bacteria were detected using biochemical characterization, bioassays, serological techniques, isolation and microscopy (Lopez et al., 2003) . The development of enzyme-linked immunosorbent assays (ELISA) and polymerase chain reaction (PCR) revolutionized phytopathogen detection in the last quarter of the 20 th century and are now routinely used by plant pathologists (Lopez et al., 2003) . In addition to ELISAs and PCR, currently utilized phytopathogen detection techniques include flow cytometry, fluorescence in situ hybridization and DNA microarrays (Lopez et al., 2003) . While many of the traditional methods for phytopathogen detection have demonstrated their utility as important agricultural tools, there are inherent disadvantages to many of them and the search for novel, rapid and reliable techniques is an on-going process within the scientific and agricultural communities. For example, pathogen identification procedures that involve the analysis of disease symptoms in or on infected plant material may lead to the implementation of improper disease management practices especially in cases where different organisms that are not inhibited by the same antimicrobial agents are able to cause diseases that produce similar symptoms in plant hosts. There are also limitations to molecular biologybased and antibody-based techniques, as many of these protocols require reagents that are highly specific for individual pathogens. The recent interest in proteomics-based studies has led some researchers to examine the potential application of proteome-level investigations for phytopathogen detection. The popularity of both 2-DE as well as MS in not only detecting phytopathogens, but also in furthering our understanding of the biology of specific phytopathogens is discussed in greater detail in the following sections.
The Utilization of Mass Spectrometry for the Detection of Plant Pathogens
The utility and value of proteomics-based technologies to accurately and efficiently detect or identify phytopathogens can be assessed based, in part, on how effectively they have been used in both the laboratory as well as in the field. While certain techniques may demonstrate promise at the theoretical level, if they prove ineffective or unreliable in practice then they do not represent viable options for improving plant disease forecasting or management. MS-based protocols for the detection of phytopathogens represent a relatively novel application of this proteomics-based technique in the study of plant diseases. Perhaps the fact that MS does not require pathogen-specific reagents to analyze the masses of peptides or proteins specific for individual phytopathogens makes it more widely applicable and therefore, a more attractive pathogen identification tool than PCR-or antibody-based techniques however, the massive infrastructure necessary for MS-based pathogen detection must be taken into consideration. MS-based plant pathogen detection has also been shown to be able to detect phytopathogens that were not identified or detected using other detection systems, which further supports the continued exploration of how MS can be optimally utilized for pathogen detection (Cooper et al., 2003) .
In order for the information generated from MS analyses, such as peptide mass fingerprints, to have any relevance, they are typically used to search various publicly-available protein databases for peptides or proteins that share a similar mass spectral pattern. It is for this reason that the generation of comprehensive protein databases with information on phytopathogenic organisms that are easily accessible is necessary to optimize the use of MS in plant disease diagnosis and identification of phytopathogens. Because many phytopathogens have not been thoroughly characterized at the level of the genome or proteome, the full utility of MS-based analyses of these microorganisms has likely not been realized. However, the relatively rudimentary and simple nature of viruses relative to eukaryotic fungi or even prokaryotic bacteria can make them more amenable to detection using MS. While phytopathogenic fungi can contain many thousands of different types of proteins at various stages of growth or infection, phytopathogenic viruses typically are composed of only 4 to 10 proteins (Padliya and Cooper, 2006) . The marked increase in the complexity and diversity of fungal proteomes relative to viral proteomes can complicate efforts to detect or identify extracted proteins due, in part, to the need for the prior construction of much more expansive protein databases. The detection of viral phytopathogens using MS technology is primarily based on the determination of the mass of the entire viral coat protein or the mass and/or the putative amino acid sequence of peptide fragments from the viral coat protein (Padliya and Cooper, 2006) . While this method of identification necessitates that the masses of coat proteins of viral phytopathogens are known or can be accurately predicted based on information such as viral coat protein-encoding nucleic acid sequences, there have been successful applications of this technique, such as the detection of the tobacco mosaic virus (TMV) from infected tobacco plant material (Thomas et al., 1998) as well as the identification of brome mosaic virus coat proteins and high plains viral coat proteins (She et al., 2001 (She et al., , 2004 ). Furthermore, proteome-level studies involving 2-DE and subsequent tandem MS analysis of proteins extracted from infected plant material led to the detection of coat proteins from two viruses, including one that had eluded detection using PCR with standard primer sets (Cooper et al., 2003) . In addition to the utility of MS to detect viral coat proteins of various phytopathogens, it can also enable the differentiation of distinct strains of particular viruses. When new disease symptoms were observed in sorghum and researchers noted that the virus responsible for the disease cross-reacted with antibodies that had been raised against Johnsongrass mosaic virus, MS analysis was used to demonstrate that there were differences in a particular region of the viral coat proteins, which led to the conclusion that a different strain of Johnsongrass mosaic virus was responsible for the observed disease symptoms (Seifers et al., 2005) .
The limitation that currently prevents the more widespread application of MS for the detection of bacterial phytopathogens is also applicable to the detection of fungal phytopathogens. A relative paucity of data in genomic or protein databases pertaining to many phytopathogenic fungi is a significant obstacle in MS-based studies of these important microorganisms. In order to compensate for this deficiency, protein database search algorithms can be used that will allow for searches of protein databases across different species in order to identify potentially homologous proteins. Successful application of this type of protein database search with mass spectral data includes the detection of proteins from the spores of Uromyces appendiculatus, which is the causative agent of rust diseases in beans . A number of proteins were identified based on their homology to previously characterized proteins from another phytopathogenic fungus, Ustilago maydis. Clearly, the use of this type of cross-species protein database search in the detection of phytopathogens can conceivably lead to the incorrect identification of the pathogen responsible for causing a particular disease; however, this type of MS data analysis can also provide important information regarding the biological activities of particular pathogenic organisms, which may potentially lead to a more thorough understanding of how certain plant diseases progress. Furthermore, if there are previously well-established protein or peptide pathogenicity or virulence factors that are specific for a particular phytopathogen, then the determination of the mass spectra of those proteins or peptides can provide some conclusive evidence that a particular phytopathogen is responsible for a specific disease. In this case, even if the protein from which the mass spectrum was derived is not present in any protein database, the detection of that mass spectral pattern alone may be enough to identify the causative agent of a disease (Liska et al., 2005; Neubauer et al., 1998) .
Although the use of proteomics-based technology to study phytopathogens may eventually become the focus of more research programs and facilities, it is currently being used more for the analysis of proteome-level changes in plants upon pathogen infection (Padliya and Cooper, 2006) . However, there are examples of significant discoveries being made using proteome-level studies of phytopathogens and they are described in more detail in the following sections.
Proteome-Level Analyses of Bacterial Phytopathogens
One of the phytopathogenic bacteria that has been the focus of some proteome-level studies in order to gain a more thorough comprehension of the biology underlying disease initiation and progression is Erwinia chrysanthemi, which is a Gram negative enterobacterium that is the causative agent of soft rot diseases in ornamentals and vegetables (Bouchart et al., 2007; Collmer and Keen, 1986; Hugouvieux-CottePattat et al., 1996) . This bacterium is able to infect susceptible plant hosts largely because it secretes a number of enzymes that are responsible for degrading plant cell wall components. Attempts to more comprehensively characterize the secreted protein profile (secretome) of E. chrysanthemi grown under various cultural conditions by using commonly utilized proteomics techniques, such as 2-DE and MALDI-TOF MS have been undertaken (Kazemi-Pour et al., 2004) .
Of the approximately 100 protein spots that were visualized on silver or Coomassie Brilliant Blue-stained gels, 55 spots were identified including 25 that had not been previously identified in this species. The proteins in the secretome of the bacterium grown in uninduced cultural conditions included a cellulase and flagellin as well as some proteases, cytosolic proteins and a protein that showed significant homology to an avirulence factor from Xanthomonas campestris, which is a bacterial species responsible for causing black rot disease in crucifers (Kazemi-Pour et al., 2004; Onsano, 1992) . Perhaps not unexpectedly, when E. chrysanthemi was grown in media supplemented with plant extract and galacturonate, which induce the expression and secretion of pectinases, a number of endopectate lyases, pectin acetylesterases, a pectin methylesterase and a polygalacturonase were identified. With the use of mutant E. chrysanthemi, the roles of selected secretion systems were also examined using 2-DE and MS and a greater understanding of the enzymes secreted from the cell by each system was achieved (Kazemi-Pour et al., 2004) . In addition to E. chrysanthemi, the secretome of X. campestris pv. campestris was also investigated using 2-DE followed by MALDI-TOF MS and of the 97 distinct protein spots on Coomassie Brilliant Blue-stained gels, the identities of 87 proteins were determined with many of them containing predicted secretory signals. Not unlike the secreted proteins identified from E. chrysanthemi, many of the X. campestris extracellular proteins were known to be involved in degradative activities and were important factors allowing for the infection of susceptible plant hosts (Watt et al., 2005) .
Proteome-level research into bacterial phytopathogens has not been restricted to focusing solely on the secretome as evidenced by studies examining the roles of osmoregulated periplasmic glucans and carbonate insoluble outer membranes of E. chrysanthemi as well as a comparison of avirulent and virulent forms of Pantoea stewartii, which revealed that 21 unique proteins including those involved in Type III secretion system activities and iron uptake were consistently expressed in only the virulent strain of P. stewartii (Babujee et al., 2007; Bouchart et al., 2007; Wu et al., 2007) . While it had been previously established that osmoregulated periplasmic glucans are important virulence factors in phytopathogenic bacteria (Bohin and Lacroix, 2006) , a proteomelevel investigation revealed that opg mutant E. chrysanthemi, which were no longer virulent, exhibited a number of changes in terms of membrane lipid composition, exoenzyme secretion, exopolysaccharide synthesis, motility and bile-salt resistance when compared to the wild type E. chrysanthemi (Bouchart et al., 2007) . Furthermore, the expression of a number of proteins involved in protein folding, carbohydrate catabolism and protein degradation were upregulated in the opg mutant bacteria. These findings may have implications in bacteria other than E. chrysanthemi since the importance of osmoregulated periplasmic glucans in producing full virulence has been established in other phytopathogenic bacteria, such as Pseudomonas syringae (Bohin and Lacroix, 2006; Loubens et al., 1993) and X. campestris (Minsavage et al., 2004) . A study of the outer membrane proteome of E. chrysanthemi has provided information regarding the protein composition of the outer membrane in addition to how the expression patterns of these proteins are affected by exposure to host plant extracts, iron starvation and changes in pH (Babujee et al., 2007) . Similar to the other proteome-level studies of bacterial phytopathogens, this study also utilized 2-DE and MALDI-TOF MS, and identified 40 outer membrane proteins, some of which were determined to be proteins of interest that necessitated further research in order to fully elucidate their potential roles in the bacterial life cycle (Babujee et al., 2007) .
An example of a bacterial phytopathogen that has been relatively well characterized at the level of the genome is Xylella fastidiosa, which causes citrus variegated chlorosis (Chang et al., 1993 ), Pierce's disease in grapevine (Davis et al., 1978) and leaf scorch in oleander, mulberry, coffee, almond and plum (Purcell and Hopkins, 1996) . In fact, in 2000, X. fastidiosa became the first phytopathogenic organism whose genome was completely sequenced following the annotation of its 2849 genes found in the chromosome and two extrachromosomal plasmids (Simpson et al., 2000) . Following the determination of the genome sequence of X. fastidiosa, efforts were made to analyze the whole bacterial cell proteome as well as the secreted protein profile, which led to identification of 142 different proteins including some that were homologous to proteins involved in different cellular adhesion systems (Smolka et al., 2003) . Among the extracellular proteins identified in the study, many were proteins that are likely to be involved in disease induction including, adhesion-related proteins, proteases, antioxidant enzymes and toxins in addition to 16 hypothetical proteins. The work being performed with X. fastidiosa is leading to a clearer understanding of the biology of this phytopathogenic organism at both the molecular-and proteome-levels and serves as an example of how the combination of genetics-and proteomics-based research can result in a more comprehensive appreciation for the activities underlying bacterial growth, development and phytopathogenicity.
Proteome-Level Analyses of Fungal Phytopathogens
Since rice and corn are among the world's most important agricultural crops, it is imperative that diseases that can adversely affect their production in terms of yield and quality are adequately controlled. Rice blast disease, which is caused by the fungus, Magnaporthe grisea, is considered to be one of the most damaging diseases of rice (Kim et al., 2004b) . It is known that in order for the fungus to effectively infect rice plants, an appressorium must form from a germinating conidium, afterwhich the turgor pressure that is built up within the appressorium allows the infection peg to penetrate the rice cuticle (Howard et al., 1991; Kim et al., 2004b; Talbot, 1995) . Due to the vital function of the appressorium in disease initiation, scientists have used 2-DE to identify a number of proteins whose expression is up-regulated during the formation of the appressorium (Kim et al., 2004b) . 5 proteins were identified including 2 -subunits of the 20S proteasome, serine carboxypeptidase Y and scytalone dehydratase, which was the only protein that had been previously reported in M. grisea (Kim et al., 2004b) . Further characterization of the -subunits of the 20S proteasome led to the hypothesis that the role of the proteasome was to mediate the mobilization of storage proteins, thereby assisting in the formation of the appressorium.
The aforementioned U. maydis phytopathogenic fungus is the causal agent of smut in corn and is considered dimorphic as it completes a transition from budding to filamentous growth during its life cycle, which also coincides with its transition from saprophytic to pathogenic developmental stages (Bohmer et al., 2007; Bolker, 2001; Feldbrugge et al., 2004) . The generation of a soluble protein profile of the dimorphic fungus using 2-DE and MALDI-TOF MS and ESItandem MS led to the identification of 250 different proteins (Bohmer et al., 2007) . In addition, of the 13 proteins that were determined to be significantly up-regulated during the filamentous growth stage, none of them had previously been associated with this particular growth stage (Bohmer et al., 2007) . The findings of this study were believed to corroborate the hypothesis that the stimulation of a small GTPbinding protein-containing signaling pathway is responsible for the generation of the filament during pathogenic development (Bohmer et al., 2007) .
Although the genetically similar and ubiquitous phytopathogenic fungi, Sclerotinia sclerotiorum and Botrytis cinerea, have a very wide host range, including numerous economically-valuable plant species (Boland and Hall, 1994; Fernandez-Acero and references therein, 2006) , it is only recently that comprehensive proteome-level investigations of these fungi have been performed (Fernandez-Acero et al., 2006 Yajima and Kav, 2006) . In the case of S. sclerotiorum, both the mycelial proteome and the secretome were analyzed and approximately half of the over 200 mycelial proteins and 18 of the 55 secreted proteins that were separated by 2-DE were identified following ESI-tandem MS (Yajima and Kav, 2006) . While numerous identified proteins in the secretome were known cell wall-degrading virulence factors, the presence of alpha-L-arabinofuranosidase, a known virulence factor in other species, in the secretome of this fungus had not been previously reported. In fact, recent comprehensive EST studies of this fungus did not detect the transcript of alpha-L-arabinofuranosidase, which verified the importance of performing proteome-level studies (Li et al., 2004; Sexton et al., 2006) . A comparison of the mycelial protein profiles of strains of B. cinerea that differed in terms of toxin production and virulence using 2-DE in order to identify virulence factors revealed that there were a number of proteins that were differentially-expressed between the strains with many of them being malate dehydrogenase and glyceraldehyde-3-phosphate dehydrogenase (Fernandez-Acero et al., 2006 . The precise role, if any, these differences in expression of proteins may have on the pathogenicity or virulence of B. cinerea has yet to be established and warrants further examination.
Proteomics to Decipher Plant-Pathogen Interactions
As mentioned earlier, plant diseases are responsible for major yield losses in many economically important crops. Thus far our discussion has focused on the application of MS and 2-DE for the detection and characterization of plant pathogens. Similarly, proteomics can also be applied to elucidate the various molecular processes that occur during the recognition of pathogens by plants irrespective of the eventual outcome of the interaction (i.e. susceptibility or resistance to the pathogen.) In addition, proteomics can be used to investigate those processes that occur during plantmicrobe interactions such as those during symbiotic relationships at a molecular level. Such studies can lead to the identification of proteins (and consequently genes) that may be used to genetically engineer crops for enhanced disease tolerance and other beneficial traits. This portion of our review will focus on those proteomics-based studies that have been described in the literature to characterize plant-microbe interactions including plant-pathogen interactions.
Plant-Fungal Interactions
On the basis of infection mechanism, fungal phytopathogens can be classified into three categories, biotrophs (require live plant material), hemibiotrophs (initially act as biotrophs after which they switch to being a necrotroph) and necrotrophs (utilizes dead plant material for survival). Proteome-level studies have been performed to characterize interactions between plants and fungi belonging to all three categories and are described in detail below.
Interactions between Plants and Biotrophic Fungi
Proteomics of host-biotrophic interactions started more than a decade ago when electrophoretic and proteinidentification techniques were not as sophisticated as they are today. An investigation into the changes in protein profiles of seedlings of Pinus lambertiana (sugar-pine) that were susceptible or resistant to the white pine blister rust fungus Cronartium ribicola using 2-DE has been reported (Ekramoddoullah and Hunt, 1993) . Findings from this study suggested that the levels of two acidic proteins possessing molecular weights and pI that were similar to -1,3-glucanase were significantly suppressed in susceptible seedlings and that the levels of chitinase were enhanced in resistant seedlings. The authors concluded that the differential expression of these enzymes may account for the nature of the outcome of the infection process in these susceptible and resistant seedlings. Additionally, an increase of some proteins involved in protein biosynthesis and a decrease of others involved in the same process was observed in resistant seedlings whereas only a decrease of proteins involved in this vital cellular process was observed in susceptible seedlings (Ekramoddoullah and Hunt, 1993) . Recently, 2-DE combined with LC and ESI-tandem MS were used to compare the proteome-level changes in the needles of susceptible and resistant Pinus strobes in response to C. ribicola. This study identified the presence of functional homologues of the leucine rich repeat family in P. strobes as putative molecular markers for a hypersensitive response (Smith et al., 2006 ). An additional proteome-level investigation into the hostpathogen interaction within the context of biotrophic fungi included an analysis of the interaction of susceptible wheat with Puccinia triticina (Rampitsch et al., 2006) . This study revealed the importance of PTMs, such as phosphorylation of proteins, in mediating plant responses to the pathogen. Proteomics-based approaches were also used to investigate the mechanisms underlying the resistance of pea to the obligate, biotrophic, ascomycete Erysiphe pisi (Curto et al., 2006) . Proteins involved in photosynthesis and carbon metabolism, energy production, defense, protein synthesis, degradation and signal transduction were identified in both susceptible and resistant genotypes following infection. Interestingly, this study suggested that the constitutive expression of defense elements could be a basis for resistance rather than a pathogen-induced gene expression. Whereas the constitutive expression of some proteins may lead to a reduction in plant growth and development due to what is often referred to as "metabolic drag" (Somssich and Hahlbrock, 1998) , the nature of the constitutively up-regulated genes/proteins in this host-pathogen interaction (proteins involved in photosynthetic-carbohydrate metabolism and TCA cycle) may lead to enhanced overall plant health, which may help them better tolerate the pathogen challenge. The proteome-based investigations described above have led to the identification of several proteins that have potential roles in disease resistance/tolerance. Some of these proteins are involved in the direct neutralization of the pathogen (e.g. chitinase) whereas others are involved in subtle biochemical processes (e.g. PTM and modulation of metabolic processes) and will surely offer novel genetic engineering strategies to enhance disease tolerance. Other systems biology approaches such as microarrays will also be able to detect these changes in gene expression; however, due to the poor correlation between the transcriptome and proteome, results from transcriptomics and proteomics must be interpreted together to make use of these techniques to the fullest extent.
Interaction between Plant and Hemibiotrophic Fungi
Hemibiotrophs act as biotrophs in the early phase of their lifecycle and then switch to a necrotrophic growth phase and proteomics has been used to investigate the molecular processes that accompany hemibiotrophic fungi-interaction with plants. For example, a proteomics-based approach was employed to characterize proteome-level changes in the leaf blades of rice plants inoculated with the hemibiotrophic fungus, M. grisea and grown in paddy soil supplemented with different levels of nitrogen nutrients. This study revealed several proteins involved in photosynthesis to be affected during this particular host-pathogen interaction (Konishi et al., 2001) . The effects of the use of various concentrations of nitrogen was investigated in this study because it has been established that susceptibility of rice plants to rice blast disease increases with the excessive application of nitrogen nutrients (Long et al., 2000) . Furthermore, this study revealed the effect the pathogen had on carbon assimilation within the plant host as evidenced by a decrease in the levels of the small subunit of rubisco following fungal infection.
Similarly, 2-DE and MALDI-TOF analyses were performed to identify proteins from rice leaves in response to both avirulent and virulent races of M. grisea. In the incompatible interaction, levels of receptor-like protein kinases, ß-1,3-glucanases, thaumatin-like protein, probenazole-inducible protein and rice pathogenesis-related (PR) 10 proteins were observed to be higher in plant protein extracts compared to the compatible interaction which suggested a possible role for these proteins in mediating tolerance to the pathogen (Kim et al., 2004a) . In another study, protein profiles of blackleg-resistant and -susceptible canola (Brassica napus L.) lines after inoculation with Leptosphaeria maculans were investigated using 2-DE and tandem MS. Several antioxidant enzymes, including dehydroascorbate reductase and peroxiredoxin along with proteins involved in photosynthetic and nitrogen metabolism were found to be up-regulated in the resistant line compared to the susceptible line suggesting the possibility of a cumulative effect of different proteins involved in several mechanisms being responsible for the observed susceptibility or tolerance to this pathogen (Subramanian et al., 2005) .
Hypersensitive reaction or localized cell death is one of the major components of defense responses in plants against pathogen attack (Dangl and Jones, 2001 ). The stimulation of hypersensitive cell death is triggered by the interaction between race-specific disease resistance (R) genes of plants and corresponding avirulence (Avr) genes of pathogens (Staskawicz et al., 2001) . Many R genes have been isolated from diverse species and characterized in the past; nevertheless, molecular mechanisms of the signal transduction and regulation of the hypersensitive cell death still remain largely uncharacterized. Takahashi et al. (1999) reported isolation and characterization of three lesion-mimic mutants of rice (Oryza sativa), named as cell death and resistance 1, 2 and 3 (cdr1, cdr2, and cdr3) which were all resistant to M. grisea. A proteome-level study involving 2-DE and microsequencing using a gas-phase protein sequencer revealed increased protein phosphorylation levels for prohibitin in cdr1 mutants compared to the wild-type rice suggesting a significant role for rice prohibitin (OsPHB1) in programmed cell death through mitochondrial function (Takahashi et al., 2003) . Tsunezuka et al. (2005) performed a comparative proteome-level analysis of wild-type and the cdr2 rice mutant at different stages of lesion formation and metabolic enzymes including Sadenosylmethionine synthase, transketolase, putative cytosolic-6-phosphogluconate dehydrogenase and sedoheptulose-1,7-bisphosphatase precursor were found to be differentiallyexpressed, which suggested that the programmed cell death that was observed in the cdr2 mutant was associated with active metabolic changes. Recent studies aimed at identifying differentially-expressed proteins in a rice blast lesion mimic (blm) mutant revealed a significant increase in the expression of PR5 and 10 as well as an increase in the expression of oxidative-stress-related proteins such as catalase, ascorbate peroxidase, and superoxide dismutase in the blm mutant (Jung et al., 2006) . Many of the aforementioned proteomics-based studies of plant-hemibiotrophic fungi interac-tions suggest an involvement of antioxidant, photosynthetic and nitrogen metabolism-related enzymes.
Interaction between Plant and Necrotrophic Fungi
Necrotrophic fungi derive energy from dead cells and are among the most destructive classes of phytopathogenic fungi responsible for a large number of plant diseases. In recent years, numerous proteome-level studies have been performed to characterize the molecular changes in plant cells upon infection by necrotrophic fungi. For example, the changes in the protein profiles of the xylem sap of tomato (Lycopersicon esculentum) in response to Fusarium oxysporum infection have been identified using SDS-PAGE, peptide mass fingerprinting and sequence determination by MS (Rep et al., 2002) . This study reported that the accumulation of PR proteins was observed in both compatible and incompatible interactions; however, increased expression of only PR5 was found in the incompatible interaction whereas other members of PR proteins in addition to PR5 were expressed in the compatible interaction. Similarly, the responses of wheat to the fungal pathogen F. graminearum were characterized using 2-DE followed by LC-MS/MS and revealed the differential expression of several antioxidant proteins and PR2 in a resistant cultivar as compared to a susceptible cultivar (Zhou et al., 2005) . A resistant wheat cultivar was challenged by the necrotrophic pathogen F. graminearum and protein profiles were monitored at different time-points post infection. The levels of many proteins involved in carbon metabolism and photosynthesis were found in this host-pathogen interaction and a steady up-regulation in expression of numerous stress defense-related proteins from 6 to 24 hours postinoculation was observed (Wang et al., 2005) . To gain an insight into the changes in the protein profiles of germinating maize embryos following infection by F. verticillioides, 2-DE was performed, which led to the identification of several proteins involved in protein synthesis, folding and stabilization including a cyclophillin as well as oxidative stress tolerance-related proteins including superoxide dismutase and catalase (Campo et al., 2004) . Additionally, expression levels of proteins involved in sucrose metabolism and PR proteins such as chitinase were differentially-affected as a result of this infection. To further characterize the molecular basis of a compatible interaction between Triticum aestivum and F. graminearum, a proteome-level study was initiated and led to the identification of proteins involved in mediating oxidative stress response such as ascorbate peroxidase, proteins involved in jasmonic acid signaling pathways including ankyrin repeat protein, PR proteins such as ß-glucanases, chitinase and thaumatin-like protein and proteins involved in amino acid synthesis and nitrogen metabolism, such as cysteine synthase, glutamate dehydrogenase and tryptophan synthase as being induced whereas proteins related to photosynthesis were down-regulated (Zhou et al., 2006) .
Proteomics-based techniques were also utilized recently to further the understanding of the molecular events occurring during the interaction between Alternaria brassicae and different cultivars of B. napus that differ in their susceptibility to A. brassicae (Sharma et al., 2007) . This study revealed different levels of expression of metabolic enzymes, proteins involved in the production of reactive oxygen species (ROS), detoxification of ROS and auxin-signaling responsive proteins between the different B. napus cultivars following fungal infection, suggesting the involvement of an auxinmediated ROS signaling pathway in mediating a moderate tolerance in a resistant genotype compared to a susceptible one.
The information obtained through the various proteomelevel studies of the interaction between plant hosts and fungi may generate novel information regarding how plants deal with various fungal phytopathogens. An understanding of the physiological processes that occur in plants upon fungal pathogen infection may potentially lead to new and more effective disease management strategies, including the generation of transgenic crops better able to tolerate fungal pathogens.
Plant-Oomycetes Interactions
Oomycetes are a class of organisms that, until recently, were mistakenly classified as fungi and include some of the most infamous plant pathogens such as Phytophthora infestans, which caused the devastating late blight disease of potato in the 1840s and Aphanomyces euteiches, which is the causal agent of destructive root rot disease of economically important legumes (Fry and Goodwin, 1997; Levenfors et al., 2003) . A comparative proteome-level study of Medicago truncatula concluded that heat-shock proteins, cell wall proteins and many different members of PR proteins (PR10) are induced in M. truncatula inoculated with A. euteiches (Colditz et al., 2004) . Since abscisic acid (ABA) and general stress have been reported in regulating PR10 proteins (Iturrianga et al., 1994) , the study of the root proteomes of M. truncatula under drought stress and ABA-treatment was also performed (Colditz et al., 2004) . Some PR10 proteins were induced only upon ABA-treatment and not during droughtstress conditions, indicating that induction of PR10 proteins following A. euteiches infection was a result of a response to the pathogen rather than merely a general stress response. A similar study was performed with different genotypes of M. truncatula, differing in their susceptibility to A. euteiches and it was demonstrated that many PR10 proteins were upregulated more in a highly susceptible line compared to a line with moderate resistance (Colditz et al., 2005 ). Proteome-level studies after ABA treatment following an infection were also performed and many PR10 proteins were found to be induced, suggesting a potential role for ABA in conferring susceptibility to this disease (Colditz et al., 2005) . In addition, the induction of proteins involved in sucrose metabolism and phytoalexin accumulation was observed in a susceptible line whereas two proteasome subunits were induced upon infection in a moderately resistant line. In order to gain a better understanding of the role of PR10 proteins, M. truncatula PR10.1 gene-knockout mutants were generated using an RNAi approach and tested for A. euteiches tolerance. Proteome-level analyses of these knockout mutants revealed that reduced expression of PR10 proteins led to enhanced tolerance against the pathogen (Colditz et al., 2007) . Interestingly, silencing of these proteins led to the induction of other PR proteins such as thaumatin-like protein (PR5) following A. euteiches infection, leading to the possibility that the expression of these two classes of PR proteins are inversely correlated. Clearly, the potential involvement of PR proteins in mediating oomycete-induced disease sus-ceptibility or resistance may have consequences in terms of the generation of transgenic or mutant plants whose endogenous levels of PR proteins are affected, thereby conferring increased tolerance to particular oomycete phytopathogens. The discovery of the possible roles for PR proteins in the oomycete-plant host interaction is a key determination made possible through the use of proteomics-based techniques.
Plant-Bacterial Interactions
In addition to fungal pathogens, proteomics has also been used to investigate the interactions between bacterial plant pathogens and their hosts. To gain an in-depth understanding of an interaction between bacteria and plant, Mahmood et al. (2006) investigated proteome-level changes in rice leaf blades upon infection with Xanthomonas oryzae using 2-DE and MS. In this study, proteome-level changes in incompatible and compatible interactions were reported and proteins related to energy, metabolism and defense were involved in this host-pathogen interaction. Interestingly, they found higher levels of expression of thaumatin-like protein (PR5) and probenazole-inducible protein (PBZ1) in rice leaf blades after inoculation with both virulent and avirulent strains as well as after treatment with jasmonic acid, which is a signaling molecule involved in plant defense responses. In addition, there was a rapid and elevated expression of PR5 and PBZ1 in an incompatible interaction compared with a compatible interaction, which may also suggests the involvement of jasmonic acid in defense signaling.
Rcm 2.0 and Rcm 5.1 are two quantitative trait loci identified from Lycopersicon hirsutum controlling resistance to Clavibacter michiganensis subsp. michiganensis, the causal agent of bacterial canker of tomato (Coaker et al., 2004) . 2-DE was performed in order to attempt to understand the differences between tomato lines containing Rcm 2.0 and Rcm 5.1 and a susceptible control line as well as any differences in responses to the pathogen between the various lines. The involvement of distinct defense mechanisms in two separate Rcm 2.0 or Rcm 5.1 loci-containing lines was observed. Tandem MS identified proteins involved in oxidative stress, including superoxide dismutase and glutathione peroxidase, that were differentially-expressed at different time points in the two genotypes along with other stress and defenserelated proteins.
Proteome-level changes in A. thaliana leaves upon infection by Pseudomonas syringae pv. tomato were investigated during basal (hrp mutant) and gene-for-gene (avrRpm1) mediated resistance using 2-DE. Glutathione-S-transferases and peroxiredoxins were observed to be induced by the bacterial infection suggesting their potential role(s) in mediating host responses to bacteria . Recently, a proteome-level analysis was performed to identify proteins involved in early defense response in rice plasma-membranes in response to X. oryzae pv. oryzae . Plasma membrane-associated proteins including proteins related to electron and energy transfer, phosphorylation events and defense-related proteins such as universal stress protein, hypersensitive-induced response protein and heat shock protein were found to be expressed upon infection by X. oryzae pv. oryzae. The plasma membrane is known to play a significant role in signal transduction during hostpathogen interactions as most of the receptors for different signal pathways are located in the plasma membrane and it is therefore not surprising that these plasma-membrane associated proteins were detected in this study.
Plant-Viral Interactions
In addition to proteomics being widely used for the characterization of the interactions of plants with bacteria, fungi and oomycetes, it has also been used in the characterization of plant-viral interactions. For studying temporal changes in protein expression of rice yellow mottle virus-infected susceptible and moderately-resistant rice cultivars, proteomicsbased approaches have revealed that proteins involved in metabolism and abiotic stress (salinity) as well as a heatshock protein, dehydrin, translation-related proteins including ubiquitin-like protein and translation initiation and elongation factors are differentially-expressed in both cultivars at different time-points. Furthermore, differences in the expression levels of proteins involved in cytosolic glycolysis and defense were observed when comparing the susceptible cultivar to the resistant one (Ventelon-Debout et al., 2004) . In order to investigate the mechanisms responsible for the reduction of oxygen evolving complex (OEC) protein content of pepper mild mottle virus-infected Nicotiana benthamiana plants, proteomics-based approaches such as 2-DE and Nterminal sequencing were used to study this particular interaction (Perez-Bueno et al., 2004) . A reduction in photosynthetic electron transport in photosystem II was investigated in virus-infected N. benthamiana plants using PAGE (Rahoutei et al., 2000) and this was the basis for performing a 2-DE analysis of changes in OEC polypeptide composition such as PsbP and PsbO. Perez-Bueno et al. (2004) observed a decrease in the amount of PsbP polypeptide of OEC as the disease progressed as compared to the PsbO polypeptide, and it was hypothesized that this difference might have a role in defense against viral infection. While proteome-level investigations of plant-viral interactions has not been extensive, it is clear from the described studies that proteomics has the potential to contribute significantly in any future efforts to more comprehensively understand the interaction between plants and phytopathogenic viruses.
Plant-Parasitic Plants Interactions
Limited work at the proteome level has been performed in deciphering the mechanisms involved in the interaction between plants and their parasitic counterparts. However, a proteome level-study has provided preliminary insights into the infestation of Pisum sativum by the parasitic plant, Orobanche crenata. In this study, various pea varieties differing in their susceptibility to O. crenata were analyzed and proteins involved in carbohydrate and nitrogen metabolism were found to be induced as defense proteins in a resistant genotype in response to this parasitic plant (Castillejo et al., 2004) . This study has provided information regarding the mechanisms involved in pea resistance to O. crenata, which may potentially lead to further studies into the role(s) of these proteins in other plant host-parasitic plant interactions.
Plant-Microbe Interactions in a Symbiotic Relationship
Symbiosis is an interaction between two species where the association results in a mutually beneficial relationship.
In recent years, major advances have been made in the identification of genes involved in plant-microbe symbioses and elucidating their functions especially in mycorrhizal and rhizobial symbioses (Franken and Requena, 2001) . With the completion of the genome sequence of Sinorhizobium meliloti (Galibert et al., 2001) and the determination of a 410-kilobase DNA region of Bradyrhizobium japonicum chromosome harboring potential symbiosis-specific genes (Gottfert et al., 2001) , proteomics techniques may now be utilized to study the expression of the gene-products in plantmicrobe symbioses interactions involving these organisms. Hilbert et al. (1991) studied the levels of protein expression using 2-DE during the early stages of mycorrhiza development in the Eucalyptus globulus-Pisolithus tinctorius association. This study revealed that significant changes in protein synthesis could be detected within a few hours of their interaction before the formation of any visible symbiotic tissue. Several symbiosis-related proteins, such as ectomycorrhizins were identified as unique proteins only in the symbiotic tissues during the early infection stages. A proteome-level analysis of mycelial proteins from the ectomycorrhizal fungus Tuber borchii Vittad using 2-DE was performed to understand the changes in the protein profile under different growth conditions and life cycle phases as well as during the organization of the symbiotic relationship of T. borchii Vittad with gymnosperms and angiosperms. Proteins were analyzed using amino acid and N-terminal analyses and only a few proteins such as ubiquitin were identified, which indicates that either the unidentified proteins are unique to T. borchii or homologues in other species have yet to be annotated (Vallorani et al., 2000) . In addition, advances have been made towards furthering our understanding of the arbuscular mycorrhizas at the level of the proteome (Dumas-Gaudot et al., 1994; Garcia-Garrido et al., 1993) by identifying proteins with unknown functions (Benabdellah et al., 2000; Fester et al., 2003) . 2-DE was performed to compare the protein profiles of un-inoculated roots with roots synchronized for Glomus intraradices appressorium formation in a M. truncatula-arbuscular mycorrhizal symbiosis (Amiour et al., 2006) . Changes in the root proteome of three independent genotypes (a wild-type and two mutants) of M. truncatula were reported, leading to differences in their colonization intensity upon an infection with an arbuscular mycorrhizal fungus and several appressorium-responsive proteins were among those identified. Differential accumulation of proteins involved in plant defense reactions, cytoskeleton rearrangements, and auxin signaling upon symbiont contact was observed between wildtype and hypermycorrhizal genotypes, suggesting putative pathways by which symbiosis-related gene(s) may regulate very early arbuscule formation.
Mycorrhizal and Rhizobial Symbioses
With the aim of characterizing the novel proteins involved in a symbiotic relationship between the bacterium S. meliloti and the legume Melilotus alba, Natera et al. (2000) examined the proteome of M. alba root and nodules and the bacteroid state of S. meliloti. In this study, S. meliloti proteins involved in carbon and nitrogen-metabolism as well as protein synthesis were identified. In order to further characterize the changes that occur in S. meliloti while it occupies the root-nodule of M. truncatula and M. alba, a comparison of the proteomes of the nodule bacteria with that of S. meliloti cultured in the laboratory was performed using 2-DE and MS. This study identified nodule-specific proteins, nodule-suppressed proteins, stress-related proteins, transporters, and vitamin synthesis-related proteins, which suggested the presence of a highly specialized nutrient exchange system between the bacterium and the host (Djordjevic, 2004) . Other proteomics-based investigations into plant-microbe symbiosis have included an analysis of the interaction between soybean and the soil bacterium B. japonicum (Sarma and Emerich, 2005) . A proteome-level analysis of the bacteroid state of B. japonicum was performed and proteins involved in nitrogen and carbon metabolism were identified along with numerous proteins related to protein synthesis, scaffolding and degradation. Furthermore, several proteins involved in cellular detoxification, stress regulation and signaling communication components were also detected as significant proteins. Similar to the M. alba-S. meliloti interaction, it was apparent that the proteomes of B. japonicum residing in root nodules were significantly different from that of the culture-grown free-living bacterium (Sarma and Emerich, 2006) . A comparison of the proteome-profiles of B. japonicum under free-living (cultured in media) and noduleresiding states to understand its response to changes in different micro-environments revealed proteins related to fatty acid and nucleic acid syntheses as being considerably more abundant in cultured cells whereas proteins related to nitrogen metabolism were present in higher amounts in noduleresiding bacteria (Sarma and Emerich, 2006) . The authors suggested that the bacteroid state is different from the freeliving state basically due to changes in energy resources to support nitrogen fixation, changes in the protein degradation machinery and enhanced expression of chaperonins to extend the life span of nascent proteins. 2-DE was performed to study the infection of soybean root hairs by B. japonicum and root proteins known to respond to rhizobia such as peroxidase and phenylalanine-ammonia lyase along with some novel proteins including phospholipase D and phosphoglucomutase were identified. This study demonstrated the utility of proteomics-based techniques to study crops lacking a completely sequenced genome (Wan et al., 2005) .
Formation of root hairs plays an important role in nodule development during the symbiotic association between the legume Vigna unguiculata and Rhizobium sp. Therefore, protein profiles of root hairs inoculated with wild-type and a hair-deformation minus mutant of Rhizobium sp. were analyzed using 2-DE (Krause and Broughton, 1992) . Twelve symbiosis-specific proteins were observed and seemed to be associated with root-hair deformation and nodule development. The host-derived symbiosome membrane (SM) in intracellular symbioses represents both a structural and functional boundary between the two symbionts and hence, is strategically located to control the molecular interactions between the symbionts (Winzer et al., 1999) . SM proteins from soybean nodules inoculated with wild-type and mutant B. japonicum were investigated using 2-DE, which revealed several quantitative differences between wild-type-and mutant-inoculated soybean nodules, including an observed significant down-regulation of nodule-specific proteins in mutant-inoculated nodule (Winzer et al., 1999) . Panter et al. (2000) used a combination of 2-DE and N-terminal sequencing to identify novel proteins of the peribacteroid membrane of soybean root nodules. This study identified homologues of hsp60 and hsp70 and presented evidence of the presence of a molecular machinery in the symbiosome for importing cytoplasmic proteins during co-or post-translational modification (Panter et al., 2000) . Proteins involved in the early stages of nodulation between the subterranean clover cultivar Woogenellup and two strains of Rhizobium leguminosarum bv. trifolii were identified using a comparative proteome approach (Morris and Djordjevic, 2001) . Proteins involved in nodule formation, early hormonal response upon infection and cell-wall strengthening and loosening were identified.
Several symbiosis-related root proteins of M. truncatula were identified associated with the nitrogen fixing bacterium S. meliloti or with the arbuscular mycorrhizal fungus Glomus mosseae using 2-DE, MALDI-TOF and tandem MS (BestelCorre et al., 2002) . Similarly, proteomics has allowed for the investigation of the effect of sewage sludges on mycorrhizal and rhizobial symbioses at the molecular level, leading to the discovery that proteins were affected in mycorrhizal and nodulated plants of M. truncatula due to exposure to sewage sludges (Bestel-Corre et al., 2004) .
LIMITATIONS OF PROTEOMICS
Although 2-DE is one of the classical methods of proteome analysis, there are certain limitations to this method which are discussed in section 2 of this review along with other non-gel-based techniques being developed that may ultimately overcome some of the limitations of 2-DE. Due to the relative novelty of some of these techniques, such as ICAT and iTRAQ, their full potential may not be realized in the immediate future. However, the utility of some of the novel proteomics techniques have been demonstrated as evidenced by the fact that MudPIT has been shown to be especially effective when attempting to identify as many proteins as possible from samples containing large numbers of different proteins . Another significant limitation of proteomics-based studies is the fact that the complete proteomes of many, if not most, phytopathogenic organisms have yet to be fully annotated in publicly-accessible protein databases. The identification of proteins based on MS results necessitates that the protein or peptide being analyzed or its homologue be annotated in protein databases. In addition to the identification of proteins such as antioxidant and metabolic enzymes, many proteome-level studies likely identify "putative" or "hypothetical" proteins for which a biological function has not been established. Ideally, as the proteomes of more organisms are comprehensively annotated through continued efforts in proteomics-based research, there will be fewer identifications of putative or hypothetical proteins in future studies.
While the objective of many classical proteome-level studies involved the identification of proteins, merely compiling a list of proteins from a particular cell or a specific organism without understanding the activities or functions of those identified proteins does not utilize the full potential inherent in proteomics-based research. Functional proteomics, which involves the elucidation of the activities of particular proteins and how they interact with other proteins, is as important as classical "discovery" proteomics. The study of functional proteomics may necessitate the use of techniques such as protein crystallization and structural determination, yeast/bacterial two hybrids, protein microarrays and gene replacement or gene "knock-out" experiments. Obviously, classical biochemistry, genetics and molecular biology are still required to make significant contributions to proteomics-based scientific research.
Although this review has focused primarily on the role for proteomics in furthering our understanding of plantmicrobe interactions, we are by no means suggesting that proteomics-based research alone is all that is necessary for investigations into plant host-microbe interactions. In order to fully comprehend all of the diverse and complicated cellular activities that are involved in plant-microbe interactions, it is imperative that the information generated from proteome-level studies be considered along with the plethora of knowledge being produced from various other studies involving genomics, transcriptomics and metabolomics. It is only through these types of concerted efforts that a global understanding of plant-microbe interactions can be fully realized.
FUTURE DIRECTIONS
In the post-genome era, proteomics has emerged as an indispensable tool for understanding cellular mechanisms, and its potential impact in plant pathology and the study of plant-microbe interactions is perhaps much broader than originally thought. From initial objectives of identification of individual proteins to the development of high throughput proteomics-based technologies, proteomics research has developed remarkably in the last few years. As strategies for high throughput proteome analysis continue to develop, the capability of proteomics to identify novel targets for the development of plants with increased tolerance or resistance to various phytopathogens will likely continue to improve. The integration of proteome-based techniques along with information generated from genomic sequencing, traditional plant pathology and genetic engineering will lead to a better understanding of various host-pathogen interactions, which may ultimately contribute to the development of novel disease resistant varieties of agriculturally-significant crops. 
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